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ABSTRACT We propose a model that accounts for the time courses of PEG-induced fusion of membrane vesicles of varying
lipid compositions and sizes. The model assumes that fusion proceeds from an initial, aggregated vesicle state ((A) membrane
contact) through two sequential intermediate states (l; and l,) and then on to a fusion pore state (FP). Using this model, we
interpreted data on the fusion of seven different vesicle systems. We found that the initial aggregated state involved no lipid or
content mixing but did produce leakage. The final state (FP) was not leaky. Lipid mixing normally dominated the first inter-
mediate state (l4), but content mixing signal was also observed in this state for most systems. The second intermediate state (1)
exhibited both lipid and content mixing signals and leakage, and was sometimes the only leaky state. In some systems, the first
and second intermediates were indistinguishable and converted directly to the FP state. Having also tested a parallel, two-
intermediate model subject to different assumptions about the nature of the intermediates, we conclude that a sequential, two-
intermediate model is the simplest model sufficient to describe PEG-mediated fusion in all vesicle systems studied. We
conclude as well that a fusion intermediate “state” should not be thought of as a fixed structure (e.g., “stalk” or “transmembrane
contact”) of uniform properties. Rather, a fusion “state” describes an ensemble of similar structures that can have different
mechanical properties. Thus, a “state” can have varying probabilities of having a given functional property such as content
mixing, lipid mixing, or leakage. Our data show that the content mixing signal may occur through two processes, one correlated
and one not correlated with leakage. Finally, we consider the implications of our results in terms of the “modified stalk” hypo-
thesis for the mechanism of lipid pore formation. We conclude that our results not only support this hypothesis but also provide a
means of analyzing fusion time courses so as to test it and gauge the mechanism of action of fusion proteins in the context of

the lipidic hypothesis of fusion.

INTRODUCTION

Membrane fusion plays essential roles in all cells, being cri-
tical to such processes as cellular trafficking, intercellular
communication, and sexual reproduction. It also plays a
critical role in the life cycle of several deadly viruses such as
HIV, influenza, and Ebola. Although considerable effort has
been devoted to studying fusion in both model and bio-
membranes, the physical basis of this phenomenon is still not
completely understood. Most models of the fusion process
assume a sequence of events leading from contacted mem-
branes to fusion product. Even though fusion in vivo is
catalyzed by fusion proteins, it clearly involves rearrange-
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ments of lipid structures and is sensitive to lipid composition
(1). Many efforts to define these lipid rearrangements are
based on the so-called ‘‘stalk’” model (2—4). The ‘‘stalk’’ is
viewed as a highly distorted lipid arrangement more akin
to nonlamellar than to lamellar (i.e., membrane-like) lipid
phases. In this structure, contacting monolayers are merged
but trans-monolayers remain intact and separate the two
aqueous compartments. A second type of intermediate struc-
ture, the ‘‘modified stalk’’ or ‘‘transmembrane contact’” (TMC)
is described as possibly having a lower energy than the stalk
(5). In this structure, the stalk expands radially so that trans-
monolayers come into contact at their hydrophobic surfaces to
form a small bilayer between aqueous compartments. We
recently calculated, using a macroscopic materials approach,
the free energy for evolution of fusion intermediates as a
function of the stalk radius and found free energy minima near
the stalk and TMC structures (6). A similar result was obtained
using Monte Carlo simulation of short copolymers designed
to mimic lipids in bilayer and evolving stalk arrangements (7).
Both results imply two semistable intermediates on the path
from contacting membranes to a fusion pore.

Experimental evidence for two intermediates derives from
our studies of poly (ethylene glycol) (PEG)-mediated fusion
between 45 nm vesicles (8). A rapidly formed, reversible
intermediate produced lipid mixing and unstable pore forma-
tion, whereas the second intermediate formed more slowly
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and was committed to proceed to a stable fusion pore (8).
These observations provided direct experimental evidence, at
least for lipid vesicles of one size and composition, for a
sequential mechanism proceeding through more than one
intermediate. Fusion of lipid vesicles with a planar bilayer
was also observed to proceed through an initial lipid-mixed
intermediate in which flickering pores were noted (9), in
agreement with our studies of 45 nm vesicle fusion. Obser-
vations on PEG-mediated fusion between either 20-23 nm or
110-125 nm vesicles produced from the same lipid mixture
did not show two distinct steps as seen for the 45 nm vesicles,
but rather revealed a process described by two exponentials in
time. We have also observed that lipid composition (10,11),
membrane curvature (11), the presence of higher concentra-
tions of PEG (12), or the presence of transmembrane protein
domains (13) or fusion peptides (10) all influence whether one
or two exponentials are observed in the time course of fusion
pore formation. Although we have interpreted the appearance
of two exponentials in terms of a multistep process (12), this
is qualitative and does not establish a particular kinetic model
within which to interpret preexponential factors or exponen-
tial constants in terms of specific events in the process.

In this article, we test quantitatively a sequential mecha-
nism suggested by these calculations and observations. In
this model (see Fig. 1), a state of membrane close contact
(A, aggregated state) proceeds to an initial intermediate (I,
ostensibly but not necessarily the stalk) in which some mem-
brane components mix (lipids or proteins) and which can
support limited and perhaps transient pore formation. This
intermediate is assumed here to form irreversibly, an assump-
tion supported by analysis of reversible observables. The
initial intermediate converts to the second intermediate (I,)
that then converts to a stable fusion pore (FP) in an irreversible
fashion. In devising this quantitative test of the sequential
model for fusion, we sought to answer the following questions:

1. Can a sequential model explain the time courses of vari-
ous measured events during PEG-mediated fusion? If so,
how many intermediate states are required to describe the
observations?

2. What are the experimental observations necessary to
define the kinetic and physical characteristics of the states
identified in the simplest model?

3. Does the success of the sequential model offer support
for the ‘‘modified stalk’’ hypothesis for the mechanism
of lipidic pore formation during fusion?

4. Does the model allow us to extract information related to
functional properties of the fusion intermediate states?

EXPERIMENTAL PROCEDURES
Materials

Chloroform stock solutions of 1,2-dioleoyl-3-sn-phosphatidylcholine
(DOPC), 1,2-dioleoyl-3-sn-phosphatidylethanolamine (DOPE), and sphin-
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gomyelin (SM) (bovine brain) were purchased from Avanti Polar Lipids
(Birmingham, AL) and used without further purification. The concentrations
of all the stock lipids were determined by phosphate assay (14). Cholesterol
(CH) was purchased from Avanti Polar Lipids and was further purified as
previously reported (15). 2-(4,4-Difluoro-5,7-diphenyl-4-bora-3a,4a-diaza-s-
indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphoethanol-
amine (B-BODIPY530/550 C,-components HPE), 2-(4,4-difluoro-5,
7-diphenyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-
sn-glycero-phosphocholine (8-BODIPY500/510 C;,-HPC), and cholesteryl
1-pyrenebutyrate (pyrene cholesterol; PY-Ch) were purchased from Mole-
cular Probes (Eugene, OR). Terbium (Tb>*) chloride was purchased from
Johnson Matthey (Ward Hill, MA). Dipicolinic acid (DPA) and N-[tris(hy-
droxymethyl)methyl]-2-aminoethanesulfonic acid (TES) were purchased
from Sigma Chemical (St. Louis, MO). Poly(ethylene glycol) of molecular
weight 7000-9000 (PEG 8000) was purchased from Fisher Scientific
(Fairlane, NJ) and further purified as previously reported (16). Dodec-
yloctaethylene glycol monoether (C1,Eg) was purchased from Calbiochem
(La Jolla, CA). All other reagents were of the highest purity grade
available.

Vesicle preparation was carried out as described previously (10,17,18),
with vesicle size determined by quasielastic light scattering (19). A solid
particle model was used to analyze correlation functions for 20-25 nm
vesicles, whereas a shell model was used for 110-125 nm vesicles.

Content mixing and leakage were followed using the Tb**/DPA content
mixing and leakage assays based on those originally proposed by (20) and
modified for our purposes (21). Fluorescence was monitored with a SLM-
48000MHF Spectrofluorometer (SLM Aminco, Urbana, IL), with excitation
at 278 nm and emission read at 545 nm. Even though ‘‘percent of content
mixing and leakage’’ (see Talbot et al. (21) for details) are measures of the
fusogenic potential of a given vesicle system, we do not concern ourselves
here with these quantities but rather with the kinetics of how these events
evolve during fusion and with the normalized probabilities that they appear
in the different states of our sequential kinetic model. The maximal percent
content mixing for each system is nonetheless given for each system for the
sake of comparison with previous reports.

Lipid mixing

Fluorescent lipid probes with fluorophores attached to their acyl-chains,
BODIPY500-PC, and BODIPY530-PE were used as described previously
for measuring lipid mixing during PEG-mediated vesicle fusion (22). The
fluorescence readout from this assay can be compared to the fluorescence of
vesicles following addition of detergent (taken as 100% lipid mixing) to
obtain ‘% lipid mixing’’. This is a measure of size of PEG-induced
aggregates and the number of productive (i.e., membrane-joining) contacts
within aggregates (8,12). Again, we do not concern ourselves with this
quantity, but the maximum % lipid mixing associated with each vesicle
system is still given for reference. Note that the context mixing, leakage,
and lipid mixing measurements reflect diffusion processes that are irre-
versible. This is important to keep in mind when modeling the observations.
Even though individual events may be reversible, the observations are
cumulative.

Inner leaflet lipid mixing

This assay uses [N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-1,2-dioleoyl-3-sn-
phosphatidylserine] (NBD-PS) incorporated at self-quenching concentra-
tions (lipid/probe = 10:1) (23). NBD-PS exposed in the outer leaflet
is reduced with sodium dithionite and the change in NBD fluorescence
lifetime upon dilution of probe into fused vesicle partners gives a direct
measure of the dilution factor. Comparison of the observed dilution factor
to that expected for complete fusion gives the percent inner leaflet mixing
(23).
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FIGURE 1 Schematic of the sequential two-intermediate-
state model for fusion considered here. “‘nV’’ is a state
consisting of separate vesicles; ‘‘A’’ is a state with vesicles

in contact within aggregates; I; and I, are intermediate
states (perhaps frequently discussed ‘‘stalk’” and ““TMC”’

(4,5,27); and FP is the final fusion pore state. Each state is
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characterized by the probability of observing ‘‘fusion
events’” (content mixing {e;}, lipid mixing {B;}), and by

a content leakage rate (A;). Three rate constants (k;) are

also required to define the model. After fixing experimentally defined parameter values and applying normalization conditions, the model is defined by

nine parameters (four probabilities, two leakage rates, and three rate constants).

Light scattering

Light scattering was measured at a right angle to incident light on a spec-
trofluorometer (SLM 48000MHF, SLM Aminco, Urbana, IL) using the
same settings as for the content mixing and leakage assays.

Fusion intermediate detection

The local concentration of PY-CH rises and then drops during fusion, as
indicated by formation of pyrene excited-state complexes (excimers), de-
tected by the ratio of fluorescence intensity of the excimer to that of the
monomer (E/M ratio) (17). Comparison of this behavior with that observed
for pyrene cholesterol fluorescence during the lamellar-to-hexagonal phase
transition suggests the presence of nonlamellar structures during the fusion
process (17).

MODEL DEVELOPMENT AND
COMPUTATIONAL PROCEDURES

The model

The description of our model for membrane fusion is orga-
nized around four issues (Fig. 1): i), aggregation and fusible
complex formation; ii), meaning of intermediate fusion
‘‘states’’; iii), evolution of kinetic states leading to fusion:
sequential versus parallel models; and iv), linkage of the prop-
erties of kinetic states to the observables (lipid and content
mixing, leakage, etc.).

Aggregation and fusible complex formation

In our experimental procedure, aggregation and close contact
between vesicles is accomplished by means of a low concen-
tration of PEG. PEG has two effects: first, it brings bilayers
reversibly into close contact (24); second, the compressive
osmotic stress created by PEG promotes evolution from the
initial intermediate to the pore (6,18). Lipid mixing between
nonfusing vesicles becomes complete only after multiple
aggregation/disaggregation cycles (25), indicating that ag-
gregate sizes are finite. Measurements of the size of vesicles
resulting from PEG-mediated fusion confirm that aggrega-
tion numbers (N) range from just five or six for 45 nm (8)
vesicles to between 10 and 20 for 20-23 nm vesicles (12)
and that the extent of lipid mixing is related to the aggre-
gation number (26). Thus, aggregate size limits the number
of productive intermembrane contacts leading to lipid mix-
ing and fusion. In addition, the distance of membrane-
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membrane approach is crucial to fusion (24), and this
distance will vary depending on geometric restraints related
both to the packing of vesicles within an aggregate and to the
osmotic pressure compressing the aggregate (i.e., the PEG
concentration). Thus, we assume that the final level of lipid
mixing reflects both the size of aggregates and the number of
productive contacts in the aggregated state. Our lipid mixing
assay produces an increase in fluorescence proportional to
the extent of probe dilution from probe-rich into probe-free
vesicles (22). Thus, the fraction of lipid mixing (Fym(?)) is
just the ratio of the dilution factor measured at time # (L/P) to
that expected for complete dilution (n) of probe-containing
vesicles into probe-free vesicles. We have shown that the
dilution factor varies exponentially with the fluorescence
signal (either donor/acceptor fluorescence for fluorescence
resonance energy transfer assays (22) or fluorescence life-
time for probe self-quenching assays (8)), yielding;

Fua(t) = 1/nlexpk{F(t) — FO)} — 1. (L)

Thus, one can introduce f;;, the fraction of the maxi-
mum possible lipid mixing that occurred in aggregates under
a given set of experimental conditions:

Fuu(®) — Fiu(0)

= 1b
Fy(detergent) — Fy(0) (10)

fim

where the numerator reflects the maximal signal that
occurred during lipid mixing and the denominator reflects
the maximal possible lipid mixing determined after addition
of detergent that mixes all lipids in the system completely.
As the number of intervesicle productive contacts within ag-
gregates and the aggregate size increase, f; p; approaches its
maximal possible value, 1.

Meaning of fusion intermediate “states”

We must preface our description of the model to which our
efforts led by a discussion of what we mean by a ‘‘fusion
intermediate state’’. Because we had observed PEG-medi-
ated fusion of 45 nm vesicles to involve at least two
intermediate states, we attempted to fit various observations
with a model that assumed that these were the classical
“stalk’” (27) and transmembrane contact (TMC) (5) struc-
tures. As generally pictured and discussed, these structures
are considered to permit contacting leaflet mixing but not



Membrane Fusion Kinetics

content mixing, which is in accordance with the classical
““stalk model’’. These are generally described as ‘‘hemi-
fusion’’ intermediates in that they do not join membrane-
enclosed spaces. Very early on, we determined that it was not
possible to describe in this way the many observations we
had made on a variety of fusing model membrane systems.
Experimentally, only one system behaved in this way (i.e.,
lipid mixing clearly preceding content mixing), whereas
most involved lipid mixing, content mixing, and leakage to
varying extents throughout the fusion process. We had to
conclude that the intermediate ‘‘states’’ are not fixed struc-
tures but ensembles of similar structures all having some-
what different detailed mechanical properties that would
allow properties such as lipid mixing, content mixing, or
leakage to be observed. For instance, some stalk structures in
the ensemble might exist as a classical, nonleaky ‘‘stalk’’
structure. Others may have the property of a small conduct-
ing pore. Transiently formed small conducting pores have
been observed by electrophysiological measurements for both
biological (28,29) or pure-lipid (9) fusing systems. These
events usually lead to the opening of a large fusion pore (30)
but not always (31). These transient or ‘‘flickering’’ pores
may occur only intermittently before full opening. To study
the time course of fusion, one would need to make many
single pore observations (i.e., a small ensemble of observa-
tions) and average over all of these to obtain the probability
that a productive intermembrane contact might have the prop-
erty of content mixing at any time. Although such an analysis
is possible (32,33), it is awkward experimentally and limited
in accuracy unless very large numbers of productive contacts
(eventual pores) are examined. Alternatively, one can record
observations for large numbers of membrane-membrane
contacts to obtain an ensemble average. This is our approach
and is most convenient in examining the time evolution of a
fusing system. This requires that one describe the mechanical
properties of a ‘‘fusion state’’ as an ensemble average over
many similar structures, each having its own particular set of
mechanical properties and free energy. (Each ensemble mem-
ber must be described as open with respect to water, ions,
etc., and described by a free energy rather than by an
energy.) The observable properties of such a ‘‘state’” must be
described by probabilities rather than by fixed values. Thus,
the ‘‘fusion intermediate states’’ of our model are charac-
terized by probabilities of leaking trapped content and
mixing trapped content or lipids between vesicles.

Models considered

The simplest model we considered involved a single inter-
mediate and is described in Appendix I. This model was
appropriate to only a very few systems. We reported previ-
ously that, even for a fairly simple vesicle system, a model
involving two intermediates was required to describe PEG-
meditated fusion (8). This led us to consider a sequential,
two-intermediate model, as shown in Scheme 2a.
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The boxes below each state indicate the possible proper-
ties of that state. As mentioned above, intermediate states
displayed the properties of leakage (L) and content mixing
(CM) as well as the universally accepted property of lipid
mixing (LM), but with different probabilities depending on
the specific system. The final step in this process (final pore
formation) is generally acknowledged to be irreversible. The
first two steps are indicated as reversible for the sake of
generality, but we have little real information about their
reversibility. We know that the first step can reverse if the
force maintaining productive contacts is removed (8), but
there is no indication that it is reversible if that force is
maintained, as in our experiments. Note that the observation
of single ‘‘flickering pores’’ says nothing about the revers-
ibility of the ensemble I; ‘‘state’’ that our measurements
follow. A single pore that flickers open (microscopic state O)
must have a statistical weight close to that of the unopened
nascent pore structure (microscopic state U). A thermody-
namic state consisting of a mixture of such structures have
the property of CM. Experiments suggest that such a state
proceeds normally to the FP state in at least one model mem-
brane system even if the aggregating force is removed (8).

For two reasons, we began by assuming that the first two
steps are essentially irreversible, i.e., rates of back reactions
are insignificant relative to the forward rates. First, this
assumption allows a solution with a tractable number of
unknown parameters. Second, three of our observables
(content leakage and mixing, lipid mixing) involve diffusion,
which is an irreversible process. Thus, these measurements
cannot provide insights into the nature of reversible steps in
the fusion process. If the rates of reverse steps are significant
relative to those of forward steps, then the effective forward
rate constants that we obtain in this way are complex func-
tions of all rate constants (forward and reverse) up to the
final, essentially irreversible step (fusion pore formation, FP
state). Note that the number of exponentials describing the
kinetics does not depend on whether we assume reversible or
irreversible steps, a parallel model, or a sequential model.
The number of independent variables determines this
number, which, in our case of two intermediates, is three
(four states minus one determined from normalization). If
we are justified in the assumption of irreversible steps, then
the rate constants obtained from fitting the irreversible
observations of content mixing, lipid mixing, and leakage are
good approximations to the actual forward rates. Measure-
ments based on reversible observables would then also be
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well described by these rate constants. We provide evidence
in Results under ‘‘Testing model parameters using additional
observables’’ that this is the case.

We also considered the possibility that the demon-
strated two intermediates are located on a parallel pathway,
as shown in Scheme 2b.

Two-intermediate, parallel stalk model
(2b)

Even though this model is much more complex than the
sequential model, we considered it to determine if a model
that assumed the existence of the commonly envisioned
nonleaky stalk structure could account for our observations.
Because the stalk ‘‘structure’” (as opposed to ‘‘state’’) allows
only lipid mixing between juxtaposed monolayers, we placed
this requirement on the stalk intermediate in this model.
Because content mixing is observed early in the fusion
process (in ours and other model systems as well as natural
systems), we included a parallel pathway that provided an
intermediate ‘‘state’’ having the mechanical properties of
leakage and content mixing (I, in the diagram). Again, we
had to make the assumption of irreversibility. To briefly
summarize a lengthy testing process, this approach could not
describe the data for two reasons. First, we observed two
systems with delayed leakage but immediate content mixing.
If we allowed I; (‘‘stalk’’) to display leakage, and demanded
that I, did not, we could explain this observation with the
path A—1,—I; —>FP. However, this sequence of events
reverts to our sequential model. A second observation is that
a single intermediate model best describes some systems. In
these instances, this single intermediate must have the
property of content mixing. This rules out an initial inter-
mediate having the properties of the classic stalk structure
(i.e., no content mixing). Finally, for systems in which two-
exponential lipid mixing occurs without leakage, the rate
constants defined by lipid mixing invariably also described
the two-exponential behavior of content mixing. The parallel
two-intermediate stalk model clearly cannot describe this
observation, as I; in this model does not have the content
mixing property. If we relax our assumption and allow I; to
have content mixing and leakage as properties, this is not the
traditional stalk structure, and we revert to a more complex

Biophysical Journal 92(11) 4012-4029

Weinreb and Lentz

version of the sequential model shown in Scheme 2a. We
conclude that the sequential evolution of two irreversible
intermediates (Scheme 2a with dashed lines removed) is the
simplest model that can explain all the cases of PEG-
mediated vesicle fusion that we have studied.

This scheme defines a system of four ordinary differential
equations similar to the simpler set of three differential
equations shown in Eq. Al. Making the assumption that the
first two steps are irreversible leads to the following solution:

Aty =e ™",
B = X (e e
! - k| - k2 ,
e*kll eszl
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Linking model to observable events associated with fusion

All the events that we observe during fusion are recorded as
changes in fluorescence signals. Each assay yields a unique
signal and has aspects of its treatment that are unique.
However, there is a common treatment that relates to all. The
total fluorescent signal F(¢) originates from the background
(Fo) and fluorescent sources in all states. The intensity of
fluorescent sources is determined by their number, N(¢), in
the volume under investigation and the fluorescence F'; of a
single source:

F(f) = Fy+ F, -N(1). 4)

Determination of single source fluorescence, F, and the
number of these sources, N(¢), are generally not practical, but
rewriting the expression (Eq. 4) can give us a practical tool to
describe the experimental data. Indeed, the maximum change
in fluorescence throughout the experiment is proportional to
both F; and the maximum number (N, of fluorescent
particles in the experimental volume. Therefore the follow-
ing expression is equivalent to Eq. 4:

F(f) = Fo + AF., - (1), (4a)

where the normalized observable is ®(7) = F; X N()/AF .
This is the ‘‘fractional change’’ in the observable, and gives
the fraction of the probes that report a fluorescent signal at
time t. AF , = F(%) — Fy is the maximum signal change for
the observable, where F(o) is the observed fluorescence



Membrane Fusion Kinetics

signal at long time (i.e., the asymptotic value). The function
®(¢) includes two separate processes that take place during
fusion: 1), evolution of fusing vesicles through the sequential
states presumed by our model for the fusion process; and 2),
activation of indicative fluorescence sources (e.g., in the case
of content mixing, this is Tb>*-DPA complex formation).
Since the second process is caused by diffusion of probe
molecules down a concentration gradient, it is expected to be
instantaneous on the fusion timescale and inherently irre-
versible and therefore cumulative. Determination of frac-
tional changes is different for different experiments and will
be described in the following sections.

Lipid mixing

The essential assumption we make in relating observable
fluorescence signals to the fusion states is that each observ-
able has a defined probability (3;) that a corresponding signal
occurs in a given state i. For example, lipid mixing (LM) is
detected when BODIPY probes diffuse into probe-free
membranes so that fluorescence resonance energy transfer
between them becomes insignificant. The probability (3;)
that this occurs in state i is related to the rate of probe transfer
between contacting vesicles in this state. Although slow lipid
transfer occurs between vesicles at PEG concentrations
below the fusion threshold (25), the rate increases by 4-5
orders of magnitude at the fusion threshold concentration
(34). Such a dramatic increase in rate must correspond to
formation of a ‘‘fusion-competent’’ state, which is widely
seen as the ‘‘stalk’” hemifusion state (I;), in which contacting
membrane monolayers are fused. In this state, probe dilution
is limited only by diffusion through the fusion-competent
structure, which appears to be very rapid. Probe dilution also
occurs when a pore forms and probes in noncontacting
monolayers can diffuse into probe-free monolayers. How-
ever, this signal is typically insignificant relative to the signal
from mixing of contacting monolayers.

The fractional fluorescence change in case of lipid mixing
@ \(?) represents the probability that a LM event (dilution of
probe) takes place in one of the states A, I;, I, FP by a time .
Because lipid mixing (and content mixing) involves diffu-
sion, once it takes place, the signal persists even if the inter-
mediate state evolves to a new state. In addition, the proposed
mechanism is sequential and photobleaching is insignificant
during our experiment, so the fractional fluorescence change
can be expressed in the following form:

Dy (1) = BoA(t) + (By + B (1) + (By + B, + By)L(1)

where 3; is the probability that a fluorescence event leading
to the observed signal happens in state i (A, I;, I, or FP). We
define the probabilities, 3;, to be normalized, so that the
probability of observing a fusion property during all fusion
intermediate states is always one. Thus, 81 + 8, + B3 =1,
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meaning that all lipid mixing had to have occurred in states
I;, I, or FP. Equation 3 yields:

dA(0) dr, (0) dL>(0) _ , dFP(0)

g
dt Y dt dt dt

Because lipid mixing always began without delay, this
means that mixing of lipids between fusing vesicles started in
a state whose time derivative is nonzero and positive. The
first state where these conditions hold is I;, and therefore
Bo = 0. In addition, each observable must ultimately reach
its final value when the system reaches its final state: FP =
landAZIl 212:0

Description of the time course of LM always required two
and only two exponential functions. For systems that could
be described in terms of a one-intermediate model, this is
understandable (see Appendix I). For systems requiring a
two-intermediate model, there are two possible explanations
for this: either the term containing a third exponential, which
is present in the system’s state evolution (Eq. 3), is negligible
and can be omitted; or two of the three rate constants are very
close and indistinguishable. However, nearly all systems we
examined required two intermediates, and it is very unlikely
that two of the three rate constants implied by this model are
equal in every system. Therefore, we needed to consider
which fusion state S; would not contribute significantly to
LM. Two out of four states (/(f) and FP(t)) depend on all
three exponents, according to Eq. 3. If we exclude those
states from Eq. 5, we would have to conclude that lipid
mixing takes place only in the I; state, which would be
physically unreasonable. Another, more physically reason-
able possibility is that lipid mixing is nearly completed in the
second intermediate state I, i.e., B3~ 0and 8; + B, + B3 ~
B1 + B2 =~ 1. This does not mean that no lipid mixing occurs
in FP, just that lipid mixing in this state is very small. This
allows us to simplify Eq. 5 to obtain:

Dun(t) =Bl (1) + (B + B)L(1) + FP(1),  (6)

which, due to normalization of the state functions S; (/5(¢) +
FP(t) =1 — (A@®) + 1,(1))), gives

Duu(t) =1 - A1) + (B, — DIi(1). (6a)

Because terms containing I, and FP are eliminated, the
time course of lipid mixing becomes double exponential
(with rates k; and k, or k; and k;; see Eq. 3). Note that
assuming that 3, = 0, also a plausible assumption, does not
allow for this rearrangement and therefore does not remove
the third exponential. In addition, mixing of lipids between
the two trans-leaflets may be significant in I, as will be
considered in the Discussion. Thus, setting 85 approximately
equal to zero seems appropriate and is necessary to account
for the observation of only two exponentials. This could be
seen as surprising, because pore formation occurs in FP and
involves inner leaflet mixing. However, total lipid mixing is
always much greater than total contents mixing, and the
small amount of mixing between trans-leaflets that remains

:kla
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Tr in the last step is likely too small a part of the total to be
detected.

Leakage and content mixing

Content mixing (CM) is observed in our assays through
binding of Tb* to DPA, and, if the vesicles are nonleaky,
the content mixing fractional fluorescence change can be
expressed in a way analogous to Eq. 5:

q)g;\l/}ﬂeaky(t) = C(()A(l‘) + (ao + al)ll (t)
+ (ao + aq + a2)12(t)
+ (ag + a; + a, + a3)FP(1). 7

Like the probabilities of lipid mixing, the probabilities of
content mixing accumulate since content diffusion between
trapped compartments is an irreversible event. The proba-
bility that a content-mixing event (leading to a fluorescence
change) occurs in each state, «;, (compare to 3; in Egs. 5 and
6) is related to the permeability of the contact between
vesicles, to the concentrations of Tb>* and DPA in the con-
tacting vesicles, and to the equilibrium constant of binding of
Tb*>* to DPA. Permeability will be very low in the absence
of a pore and, when a pore forms, will be limited by pore
properties (size, opening time, molecular nature, etc.) and
diffusion. A pore in state FP is by definition large and stable,
whereas a pore in I; or I; could be transient and small (8,34).
Even so, a; and a, could become significant if the
probability of pore formation in I; or I, becomes significant.
The standard state taken to define complete content mixing is
vesicles containing coencapsulated Tb>" and DPA, which is
also the initial state for leakage (L) experiments and which
has a fluorescence F(0). Thus, the asymptotic fraction of
““possible’” content mixing is fom = [Fem(®) — Faetergentl/
[F'L(0) — Fyetergend- This same equation was used to describe
inner leaflet mixing, which is expected only upon pore
formation, and thus should track content mixing.

The content mixing signal is complicated by the fact that
some of the vesicle contents escape during the fusion process
and are no longer available for content mixing. Leakage is
diffusion of trapped contents through the membrane bilayer
into the external compartment. For reasons that will become
apparent, we express leakage in terms of the fraction of
trapped contents remaining after some time ¢. Thus, it can be
expressed just as were the content-mixing and lipid-mixing
signals in Eq. 6, except that the fraction of trapped probes
available to leak ((P (7)) starts at 1 and goes to 0 with time,
whereas @y 1(¢) and Dcp(7) both start at 0 and go to 1. The
observables that define ®; are the fluorescence of vesicles
with coencapsulated Tb>" and DPA at time 0 (F; (0)) as well
as the fluorescence of these vesicles after addition of
detergent to release their contents.

The rate of leakage, unlike the probabilities of content or
lipid mixing, is a property associated with each state, i.e., not
an accumulating property. The reversible properties consid-
ered (pyrene-cholesterol FRET ratio and light scattering)
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were also treated as nonaccumulating properties associated
with individual states. Because the rate of leakage is propor-
tional to the number of trapped probes, it is also proportional
to ®p(7), and leakage can be described by the following
differential equation:

dd (1)
dt

= —O (O)X(A(OA, + L (DA + L(HA,),  (8a)

where A; is the rate constant for leakage in state i. An
important feature of all our data sets is that the time courses
of content and lipid mixing are monotonic saturating func-
tions, suggesting that the last state, FP, does not exhibit
leakage or, at least, leakage from this state can be neglected
within the observation time. Thus, we did not include a term
for leakage in the final state, FP (i.e., A5 = 0).

Now that we have an expression for @y (), we are able to
consider content mixing in a leaky system. The total change
in fluorescence signal due to content mixing is caused by two
fluxes: one that leads to an increase (superscript *“+°’), and a
second that leads to a decrease (superscript ‘‘—’") in signal:

d®cy (1) . _
e J (1) +J(2).

The first term is caused by formation of fluorescent Tb**-
DPA complex due to content mixing. The second term
reflects a loss of fluorescent complex caused by leakage of
complex out of vesicles. The first term is given by the
derivative of Eq. 6 (for LM), except that we specify that the
signal (Fcy) and probabilities («;) are for content mixing.
The second term is given by Eq. 7, except that it specifies
leakage only of Tb>"-DPA complex and thus is proportional
to ®cpm(?) and not to Dy (1):

d®cy(t)  dl\(1) dIz(t)+dFP(t)
a ar dt dr

— Doy (1) X (A(D)Ao + L (DA, + L()A,), (8b)

(o) + @)

where we have used the observation that ag = 0. The
normalization condition (& + a5 + a3 = 1) further reduces
the number of parameters.

THE SOLUTION

Analytical solutions can be obtained for two of the three
observed quantities:

ki —k "
q)LM(f):B1kl_kz(1_e )

kl —kat
+ (1 - 1—e 9
=By — (=) On)
(17(“1‘) (17c’k1‘)><111k2+(lfc’kz‘)xllzkl
D (1) = eI e Kk

(1—¢7k1[)121k2k3+(l—e7k2l)122k1k3 + (17{“3')1231([1(2

Kkok3 , (9b)

X e
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where
k k,

Ih=————— ln=——3

11 (kl _ kz)’ 12 (k] _kz)a

L kiks L kik,

P k) —k) 7 (ki —k)(k—k)

kik,
[23:

(ky = k) (ks — ki)

Reference to Eq. 8 makes it clear that a closed form
solution for the time evolution of content mixing cannot be
obtained analytically. Although a numerical solution would
have been possible, it was desirable to obtain a solution that
was suitable for use with a simple nonlinear regression rou-
tine, such as contained in the SigmaPlot package (v. 6.0,
SPSS, Chicago, IL). For this reason, we used a simplification
algorithm described in Appendix II.

Model evaluation through comparison
to experiment

The sequential, two-intermediate model has 15 parameters:
three rate constants and 12 parameters that describe the
probabilities of lipid mixing, content mixing, and leakage in
each state. Although four of these probabilities can be set to
zero by observation {ag = 0, Bp = 0, B3 = 0, A3 = 0} and
two normalization conditions constrain another two, this still
leaves nine parameters (three rate constants, two A; and four
o, and B3; probabilities) whose values must be determined by
comparison to experiment. The process of fitting three data
sets simultaneously while adjusting nine model parameters is
a daunting computational task. Thus, we broke the task down
into a series of steps in which a limited number of parameters
were determined from each of the data sets using SigmaPlot
(v. 6.0, SPSS) to perform regression analysis, and then an
additional step in which these parameters were tested for
self-consistency. To avoid possible distortions in the time
courses that might be caused by normalization, we fit raw
fluorescence data in all cases. The procedure was as follows:

1. The lipid mixing time course was fit to obtain the rates k;
and k, as well as the lipid mixing probabilities 8, (8, =
1 — B;) using Egs. 3, 4, and 6.

2. The leakage and content mixing time courses were
globally fit to obtain the leakage coefficients, Ay and A,
the rate k3 and the CM probabilities «; and «, using Eqs.
3, 4, and 8a,b. In one instance (DOPC/DOPE/CH 22 nm
vesicles, Fig. 2), it was not possible to determine k3 from
contents-mixing and leakage data, and it was determined
using other observations (see Results).

3. Because our fitting used an analytical approximation
described in Appendix II, we checked the solutions by
directly solving Eq. 8b using the Runge-Kutta method
(35). If the values obtained from fitting are correct, the
numerical solution with the parameters obtained from
fitting should correspond well with experimental data.
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4. Next, we tested the ability of the model, with the rate
constants k;, k», and k3 fixed as described above, to ac-
count for the time courses of light scattering and PY-CH
excimer/monomer intensity ratio during PEG-mediated
fusion, with the intensity values for these phenomena
being adjusted not as probabilities but as the values of
light scattering intensity and PY-CH E/M ratio associated
with each state. In most cases, this procedure produced a
self-consistent explanation of all five time courses. When
deviations from this simple algorithm were necessary,
these are described in Results.

To test the parameters from global fits, we also used an
iterative algorithm in which the leakage time course was first
fit to obtain the leakage coefficients, Ao and A, and the rate
ks using Egs. 3, 4, and 8a. Then the content mixing time
course was fitted to obtain the CM probabilities «; and «;
using the same equations. These values were then fixed and
ks was varied to optimize the fit. This value was used to
adjust Ay and A; while fitting leakage data. This procedure
was repeated until parameter values converged. All param-
eter values reported here were obtained using the global
fitting procedure unless otherwise indicated.

Although regression analysis was a multistep process, and
thus could not yield a global statistical analysis, P-values for
most individual parameters at each step of the process were
always <0.0001. To judge the uniqueness of a fit, we began
regression analysis with different initial parameter values
and, for reasonable initial parameter estimates, we always
came to the same ‘‘best-fit’”’ parameters for each data set.
Obviously, this does not guarantee that parameter values are
unique, but multiple searches from different regions of
parameter space are often the best that one can do to test for a
unique fit. Finally, for all cases save one (DOPC/DOPE/CH
110 nm vesicles), the parameter values obtained by global
analysis were essentially the same as obtained by the
alternative iterative algorithm.

RESULTS

Lipid mixing, content mixing, and leakage time
courses from five vesicle systems

Fig. 2 presents the results of fitting time courses associated
with 5% PEG-induced fusion of 22 nm vesicles composed of
DOPC/DOPE/CH (50:25:25). The experimental data are
taken from Malinin and Lentz (17). In addition to the three
basic data sets (panel A, lipid mixing; panel B, leakage; and
panel C, content mixing), inner leaflet mixing (panel A, solid
circles) light scattering (panel E), and PY-CH E/M ratio
(panel D) were also followed. The lipid mixing data were fit
as described in ‘‘Data analysis’’ to obtain the rate constants
ky and k,. For this system, the content mixing and content
leakage data were insufficient to fix k3. We attempted to
determine k3 using measurements of lipid mixing between
noncontacting inner leaflets of PEG-aggregated vesicles

Biophysical Journal 92(11) 4012-4029
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FIGURE 2 Time courses are shown for five observables (A, lipid mixing;
B, leakage; C, content mixing; D, PY-CH excimer/monomer fluorescence
ratio; and E, 90° light scattering) characterizing fusion of DOPC/DOPE/CH
(50:25:25) 22 nm vesicles induced by 5 wt% PEG. Solid circles in panel A
report inner leaflet mixing, as plotted on the right y axis. The solid lines show
the fit of the sequential model to these data, with parameters summarized in
Table 1. The evolution of proposed states with time during the fusion
process is shown in panel F. The buffer was 800 mM NaCl, 10 mM TES,
and 1 mM EDTA, chosen so as to balance the molality of the trapped and
exterior volumes after addition of the vesicles to 5 wt% PEG.
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(Fig. 2 A). However, inner leaflet lipid mixing did not
saturate sufficiently at long time to define k3. Thus, k3 was
determined for this system using the time dependence of
cholesteryl-pyruvate excimer/monomer fluorescence ratio.
We have shown previously that this ratio increases with the
formation of fusion intermediates and then decreases at a rate
that characterizes fusion pore formation (17). The content
mixing and leakage data were then used to determine the
a and A values. The rate constants k;, k,, and k3 thus
determined were able to describe both inner leaflet mixing
and light scattering data. The results of this process are
shown by smooth curves through the data in Fig. 2, with the
best-fit parameters given in data row 1 of Table 1. Finally,
the predicted evolution of the fusion states S; is presented in
panel F, as obtained using &, k,, and k3 and the expressions
in Eq. 3. We note that none of the five experimental time
courses show a delay that is characteristic of sequential
processes, despite the prediction that the appearance of I, and
FP are delayed. The absence of an observable delay,
particularly in content mixing, means that some movement
of contents between vesicle compartments must occur in the
intermediates I; and I, (see &y and «, in Table 1). The fact
that leakage in these systems also showed no delay implies
that the A state shows substantial content leakage for this
vesicle composition (see A, data row 1 in Table 1), which is
rich in DOPE, a bilayer destabilizing lipid.

A three-intermediate model provided a slightly improved
description of the data (slightly lower reduced x?), but the
increased number of parameters made all parameters poorly
defined. The two-intermediate, parallel stalk model was also
tried, but, for reasons laid out in ‘‘Models considered’’, this
model could not describe all the data. Models with more than
four states were not considered, as these required more
unknown parameters and thus cannot be considered simpler
than the two-intermediate model. The two-intermediate
model was the simplest model that can provide a general
description of PEG-mediated fusion of DOPC/DOPE/CH
(50:25:25) 22 nm) vesicles.

For all other systems considered, the lipid mixing, content
mixing, and content leakage data were sufficient to deter-
mine the three rate constants. Fig. 3 presents fusion time
courses obtained at 5 wt % PEG for DOPC/DOPE/SM/CH
(35:30:15:20) 25 nm vesicles prepared in 800 mM NaCl, 10
mM TES (pH 7.4) buffer. The high salt buffer was used so
that the interior and exterior compartments of the vesicles
were osmotically balanced (11). This avoids the compressive
osmotic force that occurs when vesicles containing 100 mM
NaCl are induced to fuse using externally added PEG. Again,
the time courses of all five observables were well described
by the two-intermediate sequential kinetic model (data row 2
in Table 1). In contrast to DOPC/DOPE/CH (50:25:25)
22 nm vesicles (Fig. 2), these vesicles show a lag in content
leakage (panel B), suggesting that leakage is delayed until
state [; or I,. A good fit was obtained by assigning all leakage
to state I, (Ag = A; = 0 in data row 2 in Table 1).
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TABLE 1 Parameters defined by nonlinear regression of fusion time courses for the systems mentioned in the text
Content mixing Lipid mixing Leakage rates X 10* (s™")
ki X ky X k3 X Reference
103 10° 10° ap as asz Bi B2 B3 Ao A Az from which
System sH H hH @) (L) FP)  fem ) (L) FP)  fim o) @) (I2)  data taken
DOPC-DOPE-CH, 26 * 5.6 * 020 =* 033 * 046 * 021 £ 023 048 = 0.52 = 0 032 58+ 42+ 26=* 17)
22 nm vesicles, 2 0.4 0.07* 0.01 0.02 0.02 0.09 0.09 0.2 0.2 0.2
5 wt% PEG
DOPC-DOPE- 244 =305 1.0+ 0227 £0.773 £ 0 0.06 0.274 = 0.726 = 0 026 0 0 1.75 (11)
SM-CH, 25 nm 0.8 0.09 0.2 0.003  0.005 0.005  0.005 0.04
vesicles, 800 mM
NaCl, 5 wt% PEG
DOPC-DOPE- 22+ S 375 = 0202 =S 0.798 £ 0.051 027 £ S 0.73 £0.410 0 1.54 = S This
SM-CH, 25 nm 0.7 0.03 0.006 0.006 0.03 0.03 0.02 article
vesicles,
100 mM Na(l,
5 wt% PEG
DOPC-DOPE- 73 14x 10 038=* 05=* 0.12=* 0.06 026 =+ 0.74 = 0 0.18 0 0 43 = (33)
SM-CH-PS, 0.4 2 0.02 0.2 0.2 0.07 0.07 0.7
20 nm vesicles,
6 wt% PEG
DOPC-DLPC, 57+ 74 % 33+ 0.06* 044+ 050 *= 0.05 0.69 = 03116 £ 0 0.33 0 04+ 135=* (12)
20 nm vesicles, 1 0.1 0.2 0.01 0.02 0.02 0.02 0.02 0.1 0.09
17.5 wt% PEG
DOPC-DOPE-CH, 2.12 =S 033% 055+ S 045 = 0.02 1.00 = N 0.00 £ 0.11 1.86 = 0 S This
110 nm vesicles, 0.01 0.03 0.03 0.02 0.02 0.01 article
5 wt% PEG
DOPC/DC,5.5PC, 80 6 8 0 0 1 0.71 0 0.29 S 0 0 0 8)

45 nm vesicles,
17.5 wt% PEG!

ag(A) = 0, Bo(A) = 0, B5(FP) = 0, A5(FP) = 0.

*The rate was found from the PY-CH excimer/monomer fluorescence ratio data, Fig. 2.

This set was fitted manually.

*The value was found from the straight line shown in Fig. 8, i.e., through equation: k, = 0.1539 k;; k; was found through single exponential fit.

S, assumed that only I; and FP exist for two intermediate system.

We observed for DOPC/DOPE/SM/CH/DOPS (32:25:15:
20:8) 20 nm vesicles (36), which fused in the presence of 6
wt% PEG, a similar delay in leakage (data not shown but
parameters summarized in data row 4 of Table 1) as seen
with the osmotically balanced DOPC/DOPE/SM/CH (35:30:
15:20) 25 nm vesicles. The presence of SM in these vesicles
has previously been noted to make them stable and resistant to
leakage (10). As noted above, the parallel stalk model (Scheme
2b) could not account for the behavior of this or other systems
having no leakage associated with the initial intermediate.

We also examined osmotically unbalanced DOPC/DOPE/
SM/CH (35:30:15:20) 25 nm vesicles (made with 100 mM
NaCl buffer) at 5 wt% PEG, as summarized in data row 3 of
Table 1. These data were adequately described by a single
exponential function, meaning that there is effectively only a
single intermediate state that proceeds directly to a fusion
pore (FP state). We have no way to determine whether this
intermediate might be I; or I,, but this is immaterial, because
the observation of only a single intermediate shows that the
free energy barrier between the two is so small that these two
states are indistinguishable. We have arbitrarily assigned the

single intermediate state for this system as I; (data row 3 in
Table 1, where we have noted this assumption with ““S’’);
thus, k5 is here the rate of conversion of I, to FP. In instances
when only a single intermediate and FP state are presumed to
exist, we still observe two components of lipid mixing,
meaning that observable lipid mixing must occur in the FP
state under these conditions. For all systems with single-
exponential content mixing examined thus far, this is a
consistent result for, since lipid mixing was always double
exponential. Note that Ao = 0 in the osmotically unbalanced
vesicles just as in the osmotically balanced vesicles, meaning
again that leakage was delayed until I; or I,. Because only
one intermediate was observed in this case, leakage was
assigned to I;. Comparison of the results in rows 2 and 3
shows that the effect of a compressive osmotic gradient was
to lower or eliminate the barrier between the I; and I, states,
making the I, state irrelevant. This possibility was suggested
previously based on calculations of the free energy profile of
the fusion process (18).

The proposed two-intermediate model was also successful
in describing the kinetics of three other vesicle systems (data

Biophysical Journal 92(11) 4012-4029
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FIGURE 3 Time courses are shown for five observables (A, lipid mixing;
B, leakage; C, content mixing; D, PY-CH excimer/monomer fluorescence
ratio; and E, 90° light scattering) characterizing fusion of POPC/POPE/SM/
CH (35:30:15:20) 25 nm vesicles at 5 wt% PEG. The solid lines show the fit
of the sequential model to these data, with parameters summarized in Table
1. The lag in leakage at early times suggests minimal leakage in one or two
of the proposed intermediates (I; and I,). The evolution of states with time
during the fusion process is shown in panel F. The buffer was 800 mM
NaClI, 10 mM TES, and 1 mM EDTA.
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not shown). Fusion of fusion-resistant DOPC/DLPC (85:15)
20 nm vesicles was observed at 17.5 wt% PEG (12), and
these data also required a two-intermediate model (data row
5 in Table 1). In the sixth system analyzed, DOPC/DOPE/
CH (50:25:25) 110 nm vesicles at 5 wt% PEG, a single-
intermediate model again provided an adequate description
of the data (data row 6 in Table 1). In this system, the leakage
rate is substantial, and the very small amount (2%) of content
mixing observed is completed in two states, again meaning
that I; and I, are indistinguishable for this system. Just as for
osmotically unbalanced DOPC/DOPE/SM/CH 25 nm vesi-
cles (row 3 of Table 1), we assigned the intermediate state as
I; (ie., B> = 0). Because content mixing was so limited in
this system, it was difficult to assign the probabilities «; and
a;. Thus, the values obtained by the iterative fitting method
(0.13 and 0.87, respectively) differed somewhat from those
obtained by the global fitting method (0.31 and 0.69) given
in Table 1. It is significant that, even for the only system in
which the two fitting methods produced somewhat different
parameter values, the basic behavior of the system was the
same for both fitting procedures.

From the six systems described so far, it is clear that there
is a finite probability of content mixing in the intermediate
states, not just in the final pore (FP) state. In all of these
systems, leakage of contents also occurred in one or more
intermediate states. A special case of a nonleaky system was
described in Lee and Lentz (8), where complete separation of
outer and inner leaflet lipid mixing was observed during 17.5
wt% PEG-induced fusion of DOPC/1,2-dilinolenoyl-sn-
phosphatidylcholine (DC;g.;PC) (85:15) 45 nm vesicles.
No leakage of Tb>*/DPA was observed in this system, and
mixing of Tb>* and DPA contents occurred along with inner
leaflet mixing, confirming fusion pore formation. However,
some leakage of protons across bilayers was observed
throughout fusion, and proton movement between vesicle
compartments was also observed during both I; and FP
formation (8). The clear separation between I; and FP states
and the ability to isolate an irreversible state after I, and
before FP were seen as experimental support for the two-
intermediate model. Fig. 4 shows that the current analysis
can also describe the inner leaflet mixing (open squares),
total lipid mixing (open circles), and content mixing (solid
circles) for DOPC/DC,g.3PC 45 nm vesicles. The parameter
values that provide these fits are given in data row 7 of Table 1.
The B-values for inner leaflet mixing were taken as the
a-values for content mixing, since content and inner leaflet
lipid mixing are associated with the same event, pore for-
mation; B-values in Table 1 are probabilities of total lipid
mixing. This analysis indicates that inner leaflet mixing and
content mixing in this system took place only in the final, FP,
state (Table 1). Outer leaflet mixing occurred primarily in the
first intermediate, I;. The analysis required a second inter-
mediate (I,) to account for the separation of inner and outer
leaflet mixing, but this intermediate was inactive in that no
content or lipid mixing (inner or outer leaflet) took place in
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FIGURE 4 The inner leaflet (squares) and total (circles) lipid mixing time
courses for DOPC/DCg.3PC (85:15) 45 nm vesicles induced by 17.5 wt%
PEG (8) are shown in panel A as the lifetime (left axis) of the fluorescent
probe DPHpPC. The time course of fluorescence change due to mixing of
Tb>* with DPA is shown in panel B. The fits to these data obtained with the
sequential model with two-intermediate states are also shown as solid lines,
with the parameters yielding these fits presented in row 7 of Table 1. The
unique features of these data derived from the completion of outer lipid
mixing completed in state I;, with no lipid mixing in state I, and inner leaflet
lipid mixing and content mixing taking place only in the FP state.

this state (8, = a;= a, = 0 in Table 1). This system is
clearly unique in that it required three exponentials to
describe fusion kinetics, whereas all others required only
two. However, two other systems also showed no lipid mix-
ing in the I, state but then lipid mixing in the FP state (rows 3
and 6 of Table 1), in contradiction to our assumption that
lipid mixing should be negligible in the FP state. However,
the I, state was not detected in these two systems (i.e., no
fusion observables were associated with it). This permitted
description of content mixing and lipid mixing kinetics in
terms of only two exponentials without the assumption that
B3 = 0. In DOPC/DC,3.5PC 45 nm vesicles, however, the I,
state was essential to describe the time course of fusion, but
did not contribute to any fusion observables. We suggest
from these analyses that, if lipid mixing is negligible in I, it
can be detectable in FP. This is physically reasonable and
does not violate the spirit of our assumption that 83 ~ 0
when significant lipid mixing occurs in I; and I,. Note that
our analysis indicates that this system follows the classical
stalk model (2), in which content mixing occurs only after a
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hemifused intermediate (I;) even though the inactive I, state
was essential to accommodate these data.

Testing model parameters using
additional observables

Assumption of irreversibility

As described under ‘‘Data analysis’’, the nine free param-
eters of the model were fixed based on fitting three basic data
sets (lipid and content mixing, leakage, Figs. 2 and 3, A-C).
In most cases, these data sets were sufficient to define the
model parameters. However, we checked the model and the
validity of rate constants by using these to describe two addi-
tional experiments: right angle light scattering, as a mea-
sure of lipid structural rearrangements, and the Py-CH E/M
ratio (Figs. 2 and 3, D and E) that reports the presence of
nonlamellar intermediates during the fusion process (17).
Light scattering from 20 to 26 nm vesicles was not intense
but jumped very rapidly (<1 s, not shown) as vesicles ag-
gregated in the presence of PEG. This was expected, because
PEG-induced aggregation is much faster than subsequent
fusion events (8,12). After rapid aggregation, light scattering
declined, implying changes in structure of the different states
of the fusion process that progressively reduce the local
gradient of refractive index, as one might expect as juxta-
posed bilayers merge. The same model and its associated rate
constants (ky, k,, k3 in Table 1) accounted for these two sets
of data with the adjustment only of the probabilities that
these properties were associated with different states. It
should be stressed that the three basic observables (lipid
mixing, content mixing, and leakage) were sufficient to de-
termine all the rate constants, and that the additional ob-
servations were used just to test these rate constants and
the model. This observation has two important implications.
First, it supports the two-intermediate model, as the time
dependence of five observables was described by the three
rate constants derived from this model. Second, these addi-
tional observables report lipid microstructures in the inter-
mediate states. Unlike lipid mixing, content mixing, and
leakage, formation of these microstructures should be rever-
sible. Nonetheless, the time dependence of these observables
is explained by the three kinetic constants derived from
fitting irreversible observables to an irreversible model. This
argues strongly for the validity of our assumption that the
rates of the reverse reactions for step 1 and possibly step 2 of
the two-intermediate, sequential model are insignificant.

Kinetic behavior as a function of PEG concentration

Although comparison of these seven vesicle systems was
useful for testing the validity of the sequential model,
comparing data from many lipid systems limits our ability to
look for relationships between events in the fusion process.
To look for systematic relationships between the model

Biophysical Journal 92(11) 4012-4029
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parameters and thereby gain more insight into the fusion
process, we examined a single simple vesicle system as a
function of PEG concentration. We used DOPC/DOPE/SM/
CH (35:30:15:20) 25 nm vesicles at PEG concentrations of
0,1,2,4,5,7, and 10 wt%. Time courses of lipid mixing,
content mixing, and leakage (Fig. 5) were adequately
described by the single-intermediate model at all PEG con-
centrations (smooth curves in Fig.5). In single-intermediate
systems, we envision I; and I, to be indistinguishable and the
resolved rate constants to be k; and k3, where k3 here re-
presents the rate of formation of a pore directly from the I
state. In these experiments, membranes were driven into
increasingly closer contact by increasing concentrations of
PEG, leading to increasing fractions of productive contacts
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FIGURE 5 Time courses are shown for three observables (A, lipid
mixing; B, leakage; C, content mixing) characterizing fusion of DOPC/
DOPE/SM/CH (35:30:15:20) 25 nm vesicles induced by different concen-
trations of PEG. The solid black lines through the data represent the fit of a
single-intermediate, sequential model to the data. The buffer was 100 mM
NaCI, 10 mM TES, and 1 mM EDTA.
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(fum shown as diamonds in Fig. 6), with the first such
contacts recorded at 4 wt% PEG. A low rate of lipid mixing
was observed for PEG concentrations <4 wt%, but this rate
was too slow to establish an end point and to define fi \,
which is plotted in Fig. 6 (diamonds) at and above 4 wt%
PEG. Small rates of content mixing were also detected at 4
wt% PEG (Fig. 5, B and C), with fc\ plotted as circles in Fig.
6. Thus, 4 wt% PEG was found to be the threshold for
observing productive intervesicle contacts leading to fusion.
The probabilities of fusion events (CM, solid squares; LM,
solid triangles) taking place in the intermediate state also
increased with PEG concentration (Fig. 7 A), as did the rate
of content leakage (Fig. 7 B). These results show that content
mixing took place mainly in the FP state at low PEG, but
occurred increasingly in the I; state as PEG concentration
increased. The rates of leakage in the A and I; states also
increased as PEG concentration increased.

Both &; and k3 seemed to increase with PEG concentration
in this system once fusion began, as shown by the solid cir-
cles in Fig. 8, with k; being the abscissa and k3 the ordinate.
To test for this behavior in other systems, we plotted k3
versus k; for two-intermediate systems as well, as shown by
the diamonds in Fig. 8. There was clearly no correlation.
However, the solid triangles shown in Fig. 8 demonstrate
that &, is proportional to k; in two-intermediate systems, with
roughly the same line of proportionality as for k; versus k3 in
single-intermediate systems. These correlations imply that a
pore forms by a different mechanism in I; and I, (or in
single-intermediate systems) than for FP. This suggests two
types of content-mixing events, one that occurs early in the
fusion process and one involved in making the final FP state.

A clue to the difference between these two events may be
in the observation that FP is normally not observed to have
the property of leakage. For two-intermediate systems, either
state I; or I, or both, have the property of leakage in addition
to lipid mixing and content mixing (Table 1). In single
intermediate systems, I; displays leakage in one of the two
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FIGURE 6 Fractions of maximal possible lipid mixing (fin, diamonds)
and content mixing (fcwm, circles) are shown versus PEG concentration for
fusion of DOPC/DOPE/SM/CH (35:30:15:20) 25 nm vesicles (see Fig. 5).
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FIGURE 7 (A) Dependence of the lipid mixing (triangles, 3) and content
mixing (squares, o) probabilities in the intermediate state I; on PEG
concentration for DOPC/DOPE/SM/CH (35:30:15:20) 25 nm vesicles, as
derived from fitting the data in Fig. 5. Note that only one intermediate state is
required to describe this system, so that the only other state in which lipid
and content mixing occurs is FP. (B) Leakage rates of the A-state (Ao, solid
circles) and I;-state (A1, open circles) as functions of PEG concentration for
the same vesicle system.

systems examined. For both single intermediate systems,
both I; and FP display content mixing and lipid mixing. To
obtain a more quantitative view of the relationship between
content mixing and leakage, we focused on the behavior
of the single-intermediate system DOPC/DOPE/SM/CH
(35:30:15:20) 25 nm vesicles at varying PEG concentrations.
Fig. 9 shows that the probability of content mixing in I; (a)
increased as the rate of leakage in either the A (open
triangles) or 1y (solid triangles) state increased. Necessarily,
the probability of content mixing in the FP state (a3 =
1 — o) decreased with leakage (squares). Note that content
mixing occurs exclusively in state FP (¢; =0 and a3 = 1) in
the absence of leakage. This suggests that one of the two
types of content-mixing events occurs early in the fusion
process and is associated with leakage, whereas the other
leads to the final nonleaky FP state. An interpretation of this
in terms of the modified stalk hypothesis is given in the
Discussion.

DISCUSSION

In this article, we aimed to answer four questions about PEG-
mediated fusion formulated in the Introduction:
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FIGURE 8 The rate constant k3 is plotted versus &; for fusion via a single
intermediate of DOPC/DOPE/SM/CH (35:30:15:20) 25 nm vesicles at 7 and
10 wt% PEG (solid circles). The triangles show k, versus k; for five two-
intermediate systems presented in Table 1. The solid diamonds depict k3
versus k; for these same two-intermediate systems (one diamond falls off
the plot).

1. Can a sequential model explain the time course of the
fusion process as reported by various measured events
during PEG-mediated fusion? If so, what is the mini-
mum number of intermediate states required to de-
scribe the observations?

A single-intermediate model was sufficient to model fu-
sion of DOPC/DOPE/SM/CH (35:30:15:20) 25 nm vesicles
and of DOPC/DOPE/CH 110 nm vesicles. However, we had
to use the sequential, two-intermediate model to describe the
five other systems considered. More complex models did not
yield significantly better descriptions. Thus, the simplest
model to describe all our kinetic data is a sequential, two-
intermediate model.
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FIGURE 9 Correlation between content mixing probabilities, a; (trian-
gles, 1, state) and a3 (= 1 — «y; squares, FP state), and leakage rates, Ag
(open symbols, A state) and A, (solid symbols, 1, state), for DOPC/DOPE/
SM/CH (35:30:15:20) 25 nm vesicles, as derived from fitting data in Fig. 5.
Leakage in both states increased with PEG concentration.
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2. What are the experimental observations necessary to
define the kinetic and physical characteristics of the
states identified in the simplest model?

Even though we used five data sets to verify our model
(lipid and content mixing, leakage, right angle light scattering,
and pyrene E/M ratio, Figs. 2 and 3), the minimum required
data sets were content mixing, lipid mixing, and leakage.

3. Does the success of the sequential model offer support
for the ‘‘modified stalk’” hypothesis for the mechanism
of lipidic pore formation during fusion?

The lipid-centric stalk model is not universally accepted,
although there is considerable support for it (1,8,11,37). Two
possible structures have been discussed with respect to this
model for fusion: the stalk (2) and the TMC (5). We show
here that a two-intermediate, sequential model can describe
fusion in a variety of quite different vesicle systems as long
as we recognize that intermediate states are ensembles of
similar structures with average mechanical properties. Can
we identify the two intermediates required by our analysis
with these structures and thus offer support for the lipid-
centric model? The properties of the I; state (LM, CM, and
leakage) are consistent with the properties displayed by a
Monte-Carlo-generated dynamic stalk (38). Based on calcu-
lations of the free energy profile of a hypothetical fusion
reaction profile (6,7), we propose that I, consists of an
ensemble of slightly expanded TMC-like structures, as de-
scribed by Siegel (5). A slightly expanded TMC constitutes
one of two of free energy minima revealed by these cal-
culations. This proposal is also consistent with our observa-
tion that considerable mixing of lipids must occur in I, since
evolution of a stalk to a TMC structure requires movement of
lipid between frans and cis monolayers, a process that would
seem more probable in the highly stressed lipid annulus that
expands as the TMC forms and expands. We conclude that
our results are consistent with a modified stalk model in-
volving an ensemble of stalk-like states and a subsequent
ensemble of TMC-like states. The structures proposed as
intermediates by the modified stalk hypothesis are transient
and cannot be directly demonstrated during fusion, but they
are consistent with the two-intermediate, sequential kinetic
model we propose here. Thus, analysis of kinetic experi-
ments by the two-intermediate, sequential model provides a
powerful means of testing the modified stalk hypothesis
against experimental observation.

4. Does the model allow us to extract information related to
functional properties of the fusion intermediate states?

In addition to the three kinetic constants that define the
sequential evolution of fusion states, fitting our model to time
courses of content and lipid mixing and content leakage
yields the probabilities that these events occur in each state.
These probabilities are functions of the lipid composition and
curvature of the membranes, the force with which the
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membranes are pressed into contact, temperature, osmotic
stress, the presence of membrane proteins, etc. Knowledge of
the influence of each of these conditions on the properties of
the different states of the fusion process can be used to test
structural models, such as the ‘‘stalk’’ model of fusion.

If one accepts that our results support the ‘‘modified-
stalk”> model and assumes that kinetic intermediates we
identify (I, and I,) correspond to ensembles of the structural
intermediates of the ‘‘modified-stalk’> model (stalk and
expanded TMC), we can also suggest an explanation for the
results in Figs. 8 and 9 that support the existence of two types
of content-mixing events. In nonleaky DOPC/DC,g.;PC
(85:15) 45 nm vesicles, two types of content-mixing events
were also observed: hydrogen ions moved between vesicles
in I; (8) even though movement of larger solutes occurred
only in FP, suggesting that early content mixing might be
associated with flickering pores and later with stable fusion
pores. If we identify state I; with an ensemble of stalk-like
structures, then we can offer a possible mechanism for this
observation. The stalk represents the initial free energy
minimum on a presumed reaction path in which contacting
or trans-monolayer join (6,7). This is a highly stressed
structure in which significant fluctuation in monolayer
structure is expected. As the stalk expands, a free energy
barrier must be overcome to reach the second intermediate,
the expanded TMC (6). In single-intermediate systems, this
barrier is presumably so low that I, no longer exists as a
distinct intermediate, and I; proceeds directly to FP. In a
crude sense, the process of forming an initial stalk interme-
diate from juxtaposed highly curved bilayers is the reverse of
forming a very small pore from a stalk intermediate. Because
both the beginning and end sates of either process are highly
stressed, it is expected that leakage might be a property of
both the A and I; states in such systems. Thus, the rate of
formation of I; from a leaky A state (k;) correlates with the
rate of FP formation from the leaky I; state (k3) in a single-
intermediate system (Fig. 8). In accord with the Monte Carlo
simulations of Schick and colleagues (38), we suggest that
fluctuations are responsible both for the leakage and for the
signals of content mixing and inner leaflet lipid mixing that
our analysis suggests are properties of the I; state.

In two-intermediate systems, I; must proceed to a final pore
via I,. The conversion of I; (ensemble of stalk-like structures)
to I, (ensemble of extended TMC-like structures) is opposed
primarily by the interstice free energy and then by a peak in the
bending energy associated with the growth of the annulus
around the expanding TMC structure (6). In the initial I, state,
before the TMC expands, there should still be significant local
stress and thus leakage and content mixing associated with
leakage. As the annulus expands, significant curvature-related
fluctuations away from the bilayer geometry are less concen-
trated since the very localized stress of the stalk is spread over
a larger area. Ultimately, this may make fluctuation-related
pores less likely. If such a situation occurs, fusion would need
to proceed by a slower process not linked to leakage. This
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would explain the existence of two types of pores leading to
content mixing: leakage-related pores that occur early in the
process (in I; and I) and then stable pores that occur late in the
process when I, converts to FP. This would also account for
the two types of pores revealed by electrophysiological
measurements. Such measurements report ‘ ‘flickering’’ pores
early in the fusion process (28,29,39), which are normally, but
not always, followed by opening of a larger pore (3132).
“‘Flickering’’ pores necessarily have a free energy close to but
slightly larger than that of a closed state. This would be
completely consistent with the fluctuation-related pores
suggested by our results and the Monte Carlo simulations of
Schick and colleagues (38).

Finally, our analysis supports the contention that PEG-
mediated fusion occurs at a critical interbilayer spacing. We
showed previously that an interbilayer distance of ~5 A
occurred at the threshold PEG concentrations needed to
induce fusion in three two-component lipid mixtures (24).
We suggest here that critical contacts are established once
fLm no longer increases with PEG concentration. Aggrega-
tion number determines the maximum extent of lipid mixing
(fum), varies with vesicle size (8,12), and is likely not
diffusion controlled. Thus, we expect the dependence of fi
on PEG concentration to asymptote at the PEG concentration
needed to establish optimal intermembrane contact. Fig. 6
shows that 5—7 wt% PEG is required to obtain optimal fj
for DOPC/DOPE/SM/CH membranes. We showed by x-ray
diffraction that this PEG concentration results in an
intermembrane (phosphate-to-phosphate) distance of ~5 A
(54.6 A lamellar repeat period in x-ray experiments minus 40
A bilayer thickness minus 10 A headgroup size) for DOPC/
DOPE/SM/CH multilayers (10). The current result with a
complex lipid mixture that fuses at very low PEG concen-
tration strengthens the concept that a critical interbilayer
distance is a requirement for fusion. However, the fact that a
significant fiy value occurs when fcy is O means that
significant outer-leaflet merger can occur even when condi-
tions are still suboptimal for fusion pore formation.

CONCLUSIONS

There are several significant conclusions that stem from this
work:

1. A sequential, two-intermediate model is both necessary
and sufficient to describe PEG-mediated fusion of model
membrane vesicles.

2. Analysis of time courses of PY-CH excimer/monomer fluo-
rescence ratio and 90° light scattering (reversible events)
support the assumption that fusion of PEG-aggregated
vesicles is essentially irreversible. In other systems, this
assumption might not hold and should be tested when
interpreting experimental data from other systems.

3. Not all systems fuse via two intermediates. In some
cases, only a single intermediate can be resolved and
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proceeds directly to a final pore, which has the properties
of leakage and lipid mixing, just as I, has these properties
for two-intermediate systems.

4. The “‘states’’ of membrane fusion defined by kinetic mea-
surements are not well-defined structures as often shown
in cartoons. Instead, a state is an ensemble of similar
structures, the physical properties (content and lipid mix-
ing, leakage) of which are described in terms of prob-
abilities.

5. Two types of fusion pores are likely for PEG-mediated fu-
sion, one associated with leakage and one being leakage free.

The kinetic model proposed here not only suggests inter-
pretation of experimental observations but also provides the
means of testing it. Kinetic analysis at multiple temperatures
should reveal the activation energies of events in one- and
two-intermediate systems that will help test our interpretation.

APPENDIX |

Here we present our derivation of expressions for a one-intermediate model
similar to those given without derivation for the two-intermediate model in
the ‘“‘Model development and computational procedures’’ section of the text.

AS TS pp

Evolution of fusion states

This sequential model is described by a system of ordinary differential
equations:

—=—A(k
dt 1)k,
dl(t
# - A(l)kl - I(t)kz,
dFP(t)
=1(H)k
dt 1)k,
A(0) = 1,1(0) = FP(0) = 0. (A1)
The solution of this set of equations is a superposition of exponents:
A(t) = eik'm,
o Xt _ kit
I(t) =k————
( ) 1 kl _ k2 )
kz —kj Xt kl —kp Xt
FP(r) = — 1—e ™) + 1 — e,
(0 = =2 (1= 4 (1= )
(A2)

Observable events

The expressions for the observables (fluorescence of lipid mixing, content
mixing, and leakage) are as follows:

Lipid mixing
DPuy(r) = B (1) + FP(t), Pryu(0) = 0. (A3a)
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Content mixing

dPon(t) _ A0 dFP()
dt " dt Gy
~ D (1) X (A(Dho +1(0N,), AP
Dy (0) = 0.

Doy(t) = ol (2) + (o) + a3)FP(t)

Weinreb and Lentz
Dey(t) =a(l —e ™) +b(1 —e ™). (B

This yielded arbitrary fitting parameters a, b, v;, and v, that could not give
us the content mixing parameters («;) we sought, but that allowed us to
substitute an analytical expression for @ cp(?) in the second term of Egs. 8b
and A3b. As long as the effects of leakage on content mixing are small, this
is a reasonable approximation. This allowed us to solve these equations
analytically, and obtained another expression for ® ¢y, which now included
the needed parameters:

k, P T B CR | — e kXt e kitm)x
Ay A x—" ) x|a - +b
kl — kz k] k] + 141 k] k] + V)
k 1— —kp Xt 1— —(kp+wy)Xt 1 —ky Xt 1— —(kp+wy)Xt
P PSS Y () S +b L : (B2)
kl — kz k2 kz + 14 k2 kz + Vs

Leakage

AP _ () (AN + 1A,

- (A3c)

The expressions constraining and normalizing the probabilities are:

a():Oa :30:07 a1+a3:1, Bl+33:1 (A4)

Solutions

And the analytical solutions for the ®-values are:

LM
kl - Blkl —kp Xt kz - B1kl —kj Xt
Do () =— T ey 2 P
LM() kl_kz( € ) kl_kz( € )’
(A5a)
Leakage
_e kit (- MY xky + (1-e K21
D (1) = e*)\u“ G l )67/\] ( lk)z<lk?—k(z> - (A5b)

The time evolution of content mixing could not be obtained analytically and
was determined by the procedure outlined in Appendix II.

APPENDIX 1I

Eqgs. 8b and A3b for content mixing could not be solved analytically. To
avoid use of more complicated computer programming techniques, we used
the following simplification. We found that the content mixing signal could
always be described empirically by two exponentials:
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where a, b, v{, and v, are obtained using Eq. B1. This equation was then
used to globally fit the original content-mixing and leakage data by adjusting
the oy, A;, and k;. Next, we checked this solution using the method of Runge-
Kutta (35) to numerically solve differential Eq. A3b, where the «; and &;
parameters were fixed at values found from fitting to Eq. B2. If the solution
passed Runge-Kutta, it was accepted.
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